This paper reported a simple deposition-precipitation method, introducing the metal (Ni, Ag and Sn) and Na 2 S· 5H 2 O to preparedispersion metal sulfide nanoparticles on the surface of the Multi-walled carbon nanotube for synthesis of CNT-M x S y (NiS 2 , Ag 2 S, SnS) composite photocatalysts. The characterization of the prepared CNT-M x S y (NiS 2 , Ag 2 S, SnS) composites was performed by X-ray diffraction, scanning electron microscopy with energy dispersive X-ray analysis and BET analysis. Furthermore, the MB degradation rate constant for CNT-SnS composite was 5.68 × 10 −3 under visible light irradiation, which was much higher than the corresponding values for other samples. The detailed formation and photocatalytic mechanism are also provided here.
Introduction
ethylene blue (MB) is the most commonly employed basic dye that is found in an enormous number of applications in dyeing and printing industries. To date, various physical, chemical, and biological methods have been used to treat colored waste water but the search for a cost effective methodology still eludes the scientic community.
1-3)
Photocatalysis stands out as a probable methodology that can be effectively exploited for the complete mineralization of various dye pollutants present in natural environments. Of late, photocatalysis has been successfully employed for environmental remediation, production of hydrogen by photo splitting of water, odor control, and in self-cleaning glasses.
4) A good photocatalyst should absorb photons whose energy is equal to or more than the band gap thereby transfers an electron from the valence band into the conduction band and subsequently generates electron-hole pair. These electrons and holes react with oxygen and water, producing superoxide anion radicals, and hydroxyl radicals which act as stronger reducing and oxidizing species, respectively, thereby resulting in degradation of several organic as well as inorganic compounds.
5)
Semiconduction photocatalysts are widely used in the destruction of organic pollutants. Now TiO 2 is the focus. However, its photo efficiency and photoresponse are not sufficient due to the high rate of recombination of electrons and holes. 6) In addition, due to its large bandgap energy, Eg of 3.0-3.2 eV, it can only be activated by UV light, which accounts only 3-4% of sunlight spectrum. 7) Therefore, it necessary to design new photocatalysts to meet the requirements of future applications. Metal suldes, as important semiconductors, have been used in many new application areas, such as quantum size effect, non-linear optical properties, laser communication and light-emitting diodes, 8) hydrogenation processes, CO-shift reaction. 9,10) Also of broad interest are the photocatalytic properties of metal sulphides. 11) As is well-known, SnS is a narrow band gap semiconductor, and has been employed in solar cells, detectors and medical diagnostics because of the near-infrared absorption. 12,13) NiS 2 is a transition metal chalcogenide with pyrite structure. NiS 2 single crystals have been studied extensively up to now and their main characteristics are well established. In NiS 2 , the dg levels are partially occupied by two electrons, which yields a small band gap of 0.3 eV. 14) Ag 2 S is an important chalcogenide semiconductor and the most investigated functional material in solar-selective coating, photoconductors, photovoltaic cells, IR detectors and thermoelectric material.
15,16)
Carbon nanotubes (CNTs) have attracted signicant attention in a variety of scientic elds because of their unique properties: structural, chemical, thermal, electrical and more.
17) The unique electronic properties of CNTs are that they can be either metallic or semiconducting, depending on their geometry. One of their most remarkable properties in electron-transfer processes is that can efficiently arouse a rapid photo-induced charge separation and a relatively slow charge recombination. 18) Thus the combination of photocatalysts and CNTs may provide an ideal system to achieve an enhanced charge separation by photo-induced electron transfer. 19) Studies have mainly focused on establishing synthetic strategies and characterization of the composite systems. These include carbon nanotubes in contact with TiO 2 , 20) CdSe, 21, 22) and CdS. 23) Of particular interest is the CdS-CNT composite, which is capable of generating photocurrent from visible light with unusually high efficiency.
24)
In the present work, CNT-M x S y (NiS 2 , Ag 2 S, SnS) composites were synthesized by directly loading metal sulfide on MWCNT substrate with simple deposition-precipitation method under a moderate condition. The photocatalytic activities of CNT-M x S y were evaluated with methylene blue (MB) as model contaminant under visible light irradiation (λ > 420 nm).
Experimental Precedure

Materials
Multi-walled carbon nanotube (MWCNT, 95.5%) powder, containing nanotubes with diameters of 20 nm and lengths up to 5 µm, was purchased from Carbon Nano-material Technology Co., Ltd, Korea. To oxidize the surface of the MWCNTs, we used m-Chloroperbenzoic acid (MCPBA) purchased from Acros Organics, New Jersey, USA as an oxidized reagent. Tin (II) chloride dihydrate (SnCl 2 · 2H 2 O), nickel chloride (NiCl 2 ), silver nitrate (AgNO 3 ) and sodium sulfide· 5-hydrate (Na 2 S· 5H 2 O) were supplied by Daejung Chemical Co., Ltd, Korea. MB (C 16 H 18 N 3 S· Cl, 99.99+%) was used as model pollutant and was purchased from Daejung Chemicals Co., Ltd, Korea. Ethyl alcohol were purchased from and Daejung Chemical Co. (Korea) and used as received. All chemicals used without further purification and all experiments were carried out using distilled water.
Chemical oxidation on the MWCNT surface
MWCNTs are very stable against weak acids or bases and need to be treated with strong acids to introduce active function groups to their surface. MCPBA (ca. 2 g) was suspended in 80 ml benzene as a solvent. Subsequently, 1 g of MWCNT powder was added to the agent solution, and the mixture was treated by magnetic stirring for 6 h at 343 K. Furthermore, the resulting solution was washed continuously with deionized water and ethanol before drying at 363 K.
Synthesis of CNT-
, silver nitrate (AgNO 3 ) were used as metal source. 30 mg of oxidized MWCNT were immersed into above metal ion solutions respectively and refluxed at 373 K for 5 h with stirring by a magnetic bar. A Na 2 S solution (30mL) was prepared separately and added dropwise to the solution with constant stirring for 6 h at 343 K. After the temperature of the mixture was brought down to room temperature and the mixture was filtered using a What-man filter paper and washed with distilled water and ethanol for 5 times. Finally, it was dried in a vacuum at 373 K. The dried catalyst was ground in a ball mill (FRITSCH Pulverisette 6, Taemyong Scientific.Co.Ltd ) to get the CNT-M x S y composite.
Characterization
The morphologies of the photocatalysts were analyzed by SEM (JSM-5200 JOEL, Japan) at 3.0 keV, which was equipped with an energy dispersive X-ray analysis system (EDX). For the ultrastructural examination of the surfaces, the composites were analyzed by FE-SEM (FEI Quanta 200, USA). The crystallographic structures of the composite photocatalysts were observed by using XRD (Shimatz XD-D1, Japan) at room temperature with Cu Kα radiation (λ= 0.154056 nm) and a graphite monochromator, operated at 40 kV and 30 mA. The BET surface areas of the photocatalysts were determined by measuring nitrogen adsorption at 77 K using a BET analyzer (Monosorb, USA). All the samples were degassed at 623 K before the measurement. The UV-vis spectra for MB solutions degraded by CNTNiS 2 , CNT-Ag 2 S and CNT-SnS nanocomposites under visible light irradiation were recorded using a UV-Vis (Optizen Pop Mecasys Co., Ltd., Korea) spectrometer.
Measurement of photocatalytic activities
The photocatalytic experiments were performed at ambient temperature to test the ability of the as-prepared composites to catalyze the degradation of MB. The visible light sources (8 W, λ > 420 nm, KLD-08L/P/N, Fawoo Technology) were used at a distance of 100 mm from the solution in a dark box. The initial concentration of MB (C 0 ) was 1.0 × 10 −5 mol/L. The photocatalyst powder (0.02 g) was dispersed in a 100 mL glass photoreactor containing 100 mL of dye solution. The mixture was sonicated for 10 min and stirred for 30 min in the dark in order to reach adsorption − desorption equilibrium. At the given time intervals a sample of 3.5 mL was taken from the mixture and immediately centrifuged to remove the dispersed photocatalysts. The concentration of the clean transparent solution was analyzed by checking the absorbance at 664 nm for MB with the UV-vis spectrophotometer. The reproducibility was checked by repeating the measurements at least three times and was found to be within the acceptable limit (± 5%).
Results and Discussion
Surface characteristics
The typical micro-surface structure of the as-prepared composites was characterized by SEM with high magnification and the results are displayed in Fig. 1 . From this high resolution SEM image, it is easy to detect the part where MWCNT were uniformly covered with a certain amount of metal sulfide particles. The as-prepared CNT-M x S y composite had a favorable morphology but a little tendency to agglomerate. The agglomeration may have occurred because when the crystal particle size is very small, the particles can easily agglomerate due to weak surface forces. 25) Fig. 1(d) shows a typical FE-SEM image at 50000 magnification of the prepared CNT-SnS nanocomposite, which exhibits the wellknown properties of surface nanostructures, suggesting that the SnS nanoparticles were well-dispersed on the MWCNT surface. In areport of Zhang et al., 26) a good dispersion of small particles provided more reactive sites for the reactants than aggregated particles. The BET surface area of the as-prepared samples is listed in Table 1 /g, respectively. This was because metal sulfide particles could fill into the pores of MWCNTs, therefore the pore size and volume decreased significantly.
24)
Elemental analysis
The EDX spectra and elemental microanalysis (wt%) of CNT-M x S y catalysts are shown in Fig. 2 and listed in Table 1 , respectively. In the comparison of the spectra between the three kinds of CNT-metal sulfide catalysts, the elements C and S are in all of samples. In addition, the elements Ni, Ag and Sn were observed with high intensity peaks in CNTNiS 2 , CNT-Ag 2 S and CNT-SnS, respectively. This fact revealed that three kinds of metal sulfide (NiS 2 , Ag 2 S and SnS) were obtained from sol-gel process, which was further confirmed by XRD analysis.
Structural analysis
XRD peak patterns of CNT and CNT-NiS 2 , CNT-Ag 2 S and CNT-SnS composites are shown in Fig. 3. Fig. 3 reveals that NiS 2 has predominant crystalline phases of cubic with the cell constant a = 5.678 Å, which is consistent with the reported data for NiS 2 (JCPDS Card File No. 11-0099).
27)
The characteristic peaks (111), (112), (121), (103), (031), MWCNT. However, for CNT-M x S y composite, only the typical peaks arising from M x S y were detected, which could be because a M x S y crystal structure had formed on the surfaces of the MWCNTs.
Visible light photocatalytic activity of samples
The visible-light photocatalytic activity of as-prepared composite photocatalysts was studied by degradation methylene blue. The decrease in dye concentration continued with an oppositely gentle slope, which was due to visible light irradiation. Two steps are involved in the photocatalytic decomposition of dyes: the adsorption of dye molecules and photodegradation. In order to exclude the inuence of adsorption process, 30 min was allowed to achieve adsorption equilibrium before the photocatalytic reaction. As shown in Fig. 4 , the adsorption effect of CNT-NiS 2 was better than that of any other samples due to the relatively higher surface area. The adsorptive effect of CNT-SnS was the lowest. CNT-NiS 2 has the largest BET surface area, which can enhance the adsorptive effect. Fig. 5 shows the change in the concentration of MB with different irradiation times in the presence of different photocatalysts, from which we can obviously see that CNT-NiS 2 composite have best visible light degradation effect although it had a smaller surface area, which was due to the synergistic reaction of SnS and MWCNTs; similar conclusion has been reported by Tang et al.
13)
The photocatalytic degradation of MB containing different photocatalysts under visible light obeys pseudo-first-order kinetics with respect to the concentration of MB:
Integration of this equation (with the restriction of c = c 0 at t = 0, with c 0 being the initial concentration in the bulk solution after dark adsorption and t the reaction time) will lead to the following expected relation:
where c t and c 0 are the reactant concentrations at times t = t and t = 0, respectively, and k app and t are the apparent reaction rate constant and time, respectively. According to this equation, a plot of -ln(c/c 0 ) versus t will yield a slope of k app . The results are displayed in Fig. 6 and summarized in Table 1 . The MB degradation rate constant for CNT-SnS composite was 5.68 × 10 −3 min −1 under visible light irradiation, which was much higher than the corresponding values for other samples. It is well known that the valence band electrons of metal sulfide (CNT-NiS 2 , CNT-Ag 2 S and CNT-SnS) can be excited to its conduction bands, giving rise to the formation of high energy electron-hole pairs, when they are irradiated by visible light. The quantum size effect exhibited by the composite can increase the energy levels of the conduction and valence band edges, which would improve the redox potentials to utilize visible light in photo catalysis 30) . On the basis of the literature 31) and the above results in the present study, we believe that the photocatalytic activity of CNTmetal sulfide catalysts may result from the electron transfer processes. As we known, carbon nanotubes are relatively good electron acceptors, 32) while semiconductor metal sulfide can be considered as good electron donor under visible illumination. MWCNTs act as a photogenerated electron acceptor to promote interfacial electron transfer processes from the attached metal sulfide to the carbon nanotube. The recombination of photoinduced electron and hole would be retarded. Here, we propose a mechanism for the degradation of pollutants on CNT-M x S y composite photocatalyst under visible light irradiation as shown in Fig. 7 .
Conclusion
In this paper, we presented the preparation and characterization of CNT-NiS 2 , CNT-Ag 2 S and CNT-SnS composite photocatalysts synthesized by a simple deposition-precipitation method. We analyzed the samples by BET surface area, XRD, SEM and EDX. After deposition-precipitation reaction, the BET surface area of CNT-M x S y catalysts was significantly decreased compared with pristine MWCNT. From EDX results, the elements C and S were in all of CNT-M x S y catalysts, and the elements Ni, Ag and Sn were observed in CNT-NiS 2 , CNT-Ag 2 S and CNT-SnS, respectively. The sample CNT-SnS had excellent photocatalytic effect of degradation MB solution under visible light irradiation, which was due to the synergistic reaction of SnS and MWCNTs.
